Trauma during early life is a major risk factor for the development of anxiety disorders and suggests that the developing brain may be particularly sensitive to perturbation. Increased vulnerability most likely involves altering neural circuits involved in emotional regulation. The role of serotonin in emotional regulation is well established, but little is known about the postnatal development of the raphe where serotonin is made. Using whole-cell patch-clamp recording and immunohistochemistry, we tested whether serotonin circuitry in the dorsal and median raphe was functionally mature during the first 3 postnatal weeks in mice. Serotonin neurons at postnatal day 4 (P4) were hyperexcitable. The increased excitability was due to depolarized resting membrane potential, increased resistance, increased firing rate, lack of 5-HT 1A autoreceptor response, and lack of GABA synaptic activity. Over the next 2 weeks, membrane resistance decreased and resting membrane potential hyperpolarized due in part to potassium current activation. The 5-HT 1A autoreceptor-mediated inhibition did not develop until P21. The frequency of spontaneous inhibitory and excitatory events increased as neurons extended and refined their dendritic arbor. Serotonin colocalized with vGlut3 at P4 as in adulthood, suggesting enhanced release of glutamate alongside enhanced serotonin release. Because serotonin affects circuit development in other brain regions, altering the developmental trajectory of serotonin neuron excitability and release could have many downstream consequences. We conclude that serotonin neuron structure and function change substantially during the first 3 weeks of life during which external stressors could potentially alter circuit formation.
Introduction
More than 25% of the population will likely develop an anxiety or mood disorder at some point in their lives (Kessler et al., 2005) , and stressful early life experiences (e.g., childhood trauma) are considered to be a primary risk factor (Agid et al., 1999; De Bellis et al., 1999; De Bellis and Thomas, 2003) . Understanding how the brain might be altered by early life events is critical to addressing this issue. Serotonin [5-hydroxytryptomine(5-HT)] likely plays a critical role in the etiology of anxiety and mood disorders as drugs that affect 5-HT physiology (e.g., selective serotonin reuptake inhibitors) are among the most efficacious in treating such disorders (Koen and Stein, 2011) and have anxiolytic properties in rodent anxiety models (Carr and Lucki, 2011) . In mice, genetic disruptions of 5-HT production (e.g., knockout of the critical transcription factor Pet-1) or specific 5-HT receptors, especially 5-HT 1A , result in an anxious phenotype (Ramboz et al., 1998; Hendricks et al., 2003; Donaldson et al., 2014) . Closer examination of the 5-HT 1A KO model demonstrated that anxiety-like behavior is increased when 5-HT 1A autoreceptors are absent either throughout life or just in the second through third weeks of life (Lo Iacono and Gross, 2008; Donaldson et al., 2014) , suggesting a developmental role for 5-HT and associated receptors in early life that are required for proper emotional development.
Current knowledge of 5-HT development centers around prenatal studies from rats and mice showing that 5-HT is produced in the embryonic raphe as early as embryonic day 12 (E12) to E13, 5-HT projections reach most parts of the forebrain by E18 -E19, and the subfields of the dorsal raphe (DR) are identifiable at birth (Lidov and Molliver, 1982; Wallace and Lauder, 1983; Aitken and Törk, 1988; Hawthorne et al., 2010) . Despite the apparent maturity of the perinatal 5-HT system, little is known about the structure and function of the raphe after birth. This is a critical gap as 5-HT plays a role in postnatal development in brain regions such as the prefrontal cortex and hippocampus Migliarini et al., 2013) , and the critical period for 5-HT 1A -dependent development of anxiety phenotype occurs in the first few weeks of life (Lo Iacono and Gross, 2008; Donaldson et al., 2014).
We tested whether 5-HT neurons were functionally mature in early life (i.e., resemble adult 5-HT neurons) as changes during this period could represent a period of vulnerability to perturbation. Serotonin neuron active and passive membrane characteristics, neuron morphology, neuronal innervation, and 5-HT receptor-mediated responses were assessed. Recent electrophysiological studies in rats and mice indicate differences in 5-HT neuron characteristics between the median raphe (MR) and DR subfields, and also between the DR subfields; that is, lower activation threshold and higher stimulated spike frequency in lateral wing DR (lwDR) versus ventromedial DR (vmDR) neurons Crawford et al., 2010; Calizo et al., 2011) . Therefore, we recorded from neurons in the vmDR, lwDR, and MR. We show that during the first week of life (P4) 5-HT neurons, especially those in the vmDR and lwDR, have an undifferentiated or immature phenotype marked by increased excitability, limited excitatory and inhibitory inputs, absence of 5-HT 1A receptor-mediated responses, and highly branched and immature dendritic morphology. During the subsequent 2 weeks, neurons undergo physiological and morphological changes, becoming "adult-like."
Materials and Methods

Animals
Transgenic male mice expressing yellow fluorescent protein (YFP) driven by the 5-HT neuron-specific Pet-1 promoter (Pet-1::YFP) or wild-type littermates were used to examine the postnatal development of 5-HT neurons in the DR and MR (Scott et al., 2005) . This transgenic mouse line has been backcrossed at least 10 generations to the C57BL/6 strain in our laboratory. All animals were used in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and all experiments were approved by the institutional animal care and use committee.
Electrophysiology
Slice preparation and recording. Animals were killed by decapitation at postnatal day 4 (P4) to P6, P11-P13 (P12), P20 -P24 (P21), or in adulthood (P60ϩ). Brain slices were prepared as previously described (Crawford et al., 2010 (Crawford et al., , 2011 . After sectioning on a vibratome (Leica Microsystems), 200-m-thick coronal brain slices containing DR and MR were placed in artificial CSF (aCSF; in mM: NaCl 124, KCl 2.5, NaH 2 PO 4 1.25, MgSO 4 2.0, CaCl 2 2.5, dextrose 10, and NaHCO 3 26) bubbled with 95% O 2 /5% CO 2 . Slices were maintained at 37°C for 1 h and then at room temperature until recording. L-tryptophan (2.5 M; Sigma-Aldrich) was included in the holding chamber to maintain 5-HT synthesis but was not present in aCSF during recording (Liu et al., 2005) .
During recording, slices were placed in a recording chamber (Warner Instruments) and perfused at a rate of ϳ2 ml/min with oxygenated (95% O 2 /5% CO 2 ) aCSF heated to 32°C by an in-line heater (Warner Instruments). Neurons were visualized using a Nikon E600 upright microscope and targeted under differential interference contrast (DIC). Electrodes were filled with standard electrolytes (in mM; K-gluconate 130; NaCl 5; Na phosphocreatine 10; MgCl 2 1; EGTA 0.02; HEPES 10; MgATP 2; and Na 2 GTP 0.5; with biocytin 0.1%; pH 7.3) or high [Cl Ϫ ] electrolyte for recording IPSCs (in mM; K-gluconate 75; K-Cl 75; NaCl 5; Na phosphocreatine 10; MgCl 2 1; EGTA 0.02; HEPES 10; MgATP 2; and Na 2 GTP 0.5; with biocytin 0.1%; pH 7.3). Whole-cell recordings were controlled using a Multiclamp 700B amplifier (Molecular Devices), and signals were collected and stored using a Digidata 1320 analog-to-digital converter and pClamp 9.0 or 10.0 software (Molecular Devices). Following recording, slices were stored in 4% paraformaldehyde at 4°C for further immunohistochemical processing. Chemicals for buffers and electrolytes were purchased from Sigma-Aldrich.
Characteristics. Passive and active membrane characteristics were recorded using current-clamp techniques as previously described Crawford et al., 2010; Lemos et al., 2011) . Membrane characteristics were obtained by administering 500 ms current injections in 20 pA steps from Ϫ80 to 160 pA. Action potential (AP) characteristics were recorded in current-clamp by administering enough current to elicit a single spike.
Postsynaptic activity and 5-HT 1A and 5-HT 1B responses. Using voltageclamp techniques, as previously described (Lemos et al., 2006; Crawford et al., 2011) , baseline current was recorded for 3-5 min, then the nonse- Figure 1 . Membrane characteristics changed with age and differed across subfields. A, DIC (top) and fluorescent (bottom) images of a Pet-1::YFP ϩ serotonin cell that was chosen for recording. B, Change in membrane potential in response to current injection (Ϫ80 to 0 pA in 20 pA steps) from representative P4 and P60 vmDR 5-HT neurons. Scale is the same for both sets of traces, and the dotted line references Ϫ60 mV. C, P4 neurons in the vmDR and lwDR, but not the MR, had a more depolarized resting membrane potential (age ϫ subfield: F (6,354) ϭ 3.44, p ϭ 0.003; #vmDR and lwDR P4 Ͼ P12 ϭ P21 ϭ P60) than at later ages. RMP did not change across age in MR (*vmDR ϭ lwDR Ͼ MR at P4). D, P4 neurons from all subfields had higher membrane resistance than at later ages (age: F (3, 354) ϭ 93.34, p Ͻ 0.001; #all subfields on P4 Ͼ P12 ϭ P21 ϭ P60). MR and lwDR had a greater resistance than vmDR (subfield: F (2,354) ϭ 12.62, p Ͻ 0.001; *MR ϭ lwDR Ͼ vmDR). E, F, The 1 mM BaCl 2 induced a significantly larger inward current in P60 neurons than in P4 neurons (#t ϭ 2.53, p ϭ 0.02) as seen in representative traces; the scale is the same for both. In addition, barium induced a significantly larger depolarization at P60 (*t ϭ 2.18, p ϭ 0.04).
lective 5-HT 1,7 agonist 5-carboxamidotryptamine (5-CT; 100 nM; Sigma-Aldrich) was added and the current was recorded until a steadystate outward potassium current was obtained (a total of ϳ5 min). This outward current has previously been characterized as being mediated by the 5-HT 1A receptor in the dorsal and median raphe . When recording EPSCs, a standard electrolyte was used and the GABA A receptor antagonist bicuculline (20 M; Sigma-Aldrich) was added to the aCSF. When recording IPSCs, high [Cl Ϫ ] electrolyte was used, and the AMPA/kainate receptor antagonist DNQX (20 M; Sigma-Aldrich) was added to the aCSF. High [Cl Ϫ ] electrolyte reverses the ionic gradient for chloride altering the IPSC reversal potential to facilitate their measurement. In addition to the 5-HT 1A -mediated change in baseline current, the 5-HT 1B receptor-mediated inhibition of EPSC and IPSC activity by 5-CT administration was measured, as was previously characterized in the raphe (Lemos et al., 2006) .
5-HT 1A receptor-effector mechanism. To test whether the receptoreffector mechanism was present for the 5-HT 1A receptor-mediated response, the receptor was bypassed by adding a nonhydrolyzable analog of GTP to the electrolyte (i.e., GTP␥S; 15 mM; Roche Diagnostics). After patching onto the neuron, the electrolyte diffuses into the neuron activating the G-protein (Okuhara and Beck, 1998). The current was recorded using voltage-clamp techniques from the moment of breaking into the cell so that the outward current elicited by the GTP␥S activation of the G-protein could be recorded as it dialyzed into the cell and achieved steady-state levels.
Resting membrane potential mechanism. Membrane characteristics were acquired as described above in current-clamp before and following voltage-clamp recordings during which a potassium channel blocker was added. In voltage-clamp, a 2-3 min baseline recording was made, then 1 mM BaCl 2 (1 mM; SigmaAldrich) was added to the perfusate. Current was recorded for 2-3 min beyond steady state (ϳ5-6 min). To prevent precipitate formation, modified aCSF was used for this experiment: HEPES was increased to 10 mM, and phosphate and bicarbonate were excluded (Cameron et al., 2000) .
Neuron morphology
Histology and image acquisition. The morphology of recorded neurons was visualized by staining for biocytin as previously described (Calizo et al., 2011; Crawford et al., 2011) . Slices were washed in 0.1 M PBS (0.1 M sodium phosphate plus 0.9% NaCl) for 3 ϫ 10 min, blocked in PBST-BSA (PBS with 0.5% Triton X-100 and 0.04% BSA) for 30 min, and then incubated in streptavidin-conjugated Alexa Fluor 647 (1:200; Invitrogen) in PBST-BSA for 90 min at room temperature. Then, after 3 ϫ 10 min washes in PBS, sections were mounted on Superfrost slides (Fisher Scientific) and coverslipped with Prolong Gold Anti-fade mounting media (Invitrogen) or Fluoromount-G (Electron Microscopy Sciences). Chemicals for buffers were purchased from Sigma-Aldrich. Using an Olympus FluoView FV1000 confocal microscope with FluoView FV10-ASW software (version 1.7; Olympus) and a 20ϫ objective, an image stack was acquired with serial images taken every 0.5 m throughout the extent of the neuronal dendritic tree.
Morphology analysis. For each image stack neuronal somas were detected and 3-D tracing of processes was performed using Neurolucida (MicroBrightfield). Neurolucida was also used for statistical analyses of the number of primary branches, the number of nodes, the total dendritic length, as well as a Scholl analysis of processes.
Immunostaining
Tissue processing. Animals were deeply anesthetized then perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were post-fixed in 4% paraformaldehyde for 2 h (GAD67 staining only) or overnight at 4°C and then submerged in 30% sucrose in 0.1 M phosphate buffer. Coronal sections of the DR and MR were cut at 30 -40 m on a cryostat and stored in cryprotectant at Ϫ20°C.
Immunohistochemistry. In general, sections were washed 3 ϫ 10 min in PBS, blocked with PBST-BSA for 30 min, and then incubated in primary antibody in PBST-BSA overnight or longer. Subsequently, sections were rinsed with PBST-BSA 3 ϫ 10 min followed by a 2 h incubation in fluorescently labeled secondary antibody. Finally, sections were rinsed 3 ϫ 10 min in PBS, mounted on Superfrost slides (Fisher Scientific), and coverslipped using Fluoromount-G medium (Electron Microscopy Sciences). Specific details and variations are provided below.
To determine whether GABA neurons were present in the DR at P4, as they are in adulthood, brain slices were incubated at 4°C for 3 nights Figure 2 . Action potential (AP) characteristics changed with age and differed slightly across subfields. A, Representative current-evoked AP traces from P4 (light) and P60 (dark), lwDR (top), and vmDR (bottom) cells. Thresholds of scaled down traces were matched to better illustrate the changes in the shape of the AP at P4 and P60. Scales values are the same for both subfields; small and large scales have the same values. B, AP threshold decreased with age in all subfields (age: F (3,342) ϭ 9.281, p Ͻ 0.001; #P4 Ͼ P12 Ͼ P21 ϭ P60). C, AP duration decreased across age in all subfields (age ϫ subfield: F (6,341) ϭ 3.81, p ϭ 0.001; #P4 Ͼ P12 Ͼ P21 ϭ P60), with the largest change in the vmDR (*lwDR Ն MR Ն vmDR). D, Amplitude increased in the lwDR (age ϫ subfield: F (6,342) ϭ 5.142, p Ͻ 0.001; *lwDR Ͼ vmDR ϭ MR at P60). E, AHP amplitude decreased across age (#age: F (3,341) ϭ 6.281, p ϭ 0.002) and was largest in the lwDR (*subfield: F (2,341) ϭ 2.786, p ϭ 0.041). F, AHP duration, as measured by 50% recovery time from peak amplitude to baseline, increased across age only in the lwDR (age ϫ subfield:
using monoclonal antibody recognizing GAD67 (1:10,000; clone 1G10.2, Millipore) and rabbit anti-5-HT (this antibody was omitted if subject was YFP ϩ ; 1:2000; ImmunoStar) followed by a 4 h incubation in Alexa Fluor 647 donkey anti-mouse IgG 2a and Alexa Fluor 488 donkey anti-rabbit (1:250; Invitrogen). For GAD67 staining, buffers were made without Triton X-100 except for the 30 min blocking step.
To determine whether YFP-expressing cells were making 5-HT at different age points, we incubated brain slices in rabbit anti-5-HT in PBST-BSA (1:2000; ImmunoStar) at 4°C for 3 nights. After primary antibody incubation, sections were incubated in Alexa Fluor 647 donkey antirabbit in PBST-BSA (1:250; Invitrogen). In adult mice, 5-HT colocalizes with the vesicular glutamate transporter VGlut3 (Fremeau et al., 2002; Calizo et al., 2011) . To determine whether this was the case early in development (P4), we incubated brain slices in guinea pig anti-VGlut3 (1:1000; Millipore) at 4°C for 3 nights, then in biotinylated goat antiguinea pig (1:250 in PBST-BSA; Vector Laboratories), and finally in Alexa Fluor 647 streptavidin (1:500; Invitrogen).
Image acquisition. Photomicrographs of immunohistochemical staining were obtained using an Olympus FluoView FV1000 confocal microscope with FluoView FV10-ASW software (version 1.7; Olympus) and a 20ϫ objective. Image stacks were acquired with serial images taken every 1 m through the section. In ImageJ, image stacks were trimmed to 10 slices (3 slices for images of cells in Fig. 6 A, i-iv) through the middle of the section and then smoothed. A z-projection using the Max Intensity method was then created for each channel. z-projections were adjusted for contrast and brightness in Photoshop (Adobe Systems) to minimize background. Overlays and colorization were performed in Photoshop.
Immunohistochemistry quantification
To determine the relative colocalization of Pet-1 promoter-driven YFP expression with 5-HT (n ϭ 4 subjects), confocal image stacks and z-projections were acquired as described above. Stacks were obtained for a section through a midlevel section of the vmDR (bregma Ϫ4.48) and more caudal section containing the lwDR (bregma Ϫ4.72). Using layers in Photoshop, YFP and 5-HT cells were marked and counted independently. Then cells containing both YFP and 5HT were counted by observing both count layers at once. Similar procedures were used to quantify the level of colocalization between vGlut3-immunoreactive cells and YFP-expressing cells (n ϭ 3 subjects).
For quantification of GAD67 cell number in the rostral (bregma Ϫ4.24), middle (bregma Ϫ4.48), and caudal (bregma Ϫ4.72) DR, confocal stacks of the DR were obtained from brains of both P4 (n ϭ 6) and adult (P60, n ϭ 6) mice. z-projections of image stacks were created in ImageJ (typically three to four per brain section) and reconstructed in Photoshop to create a panorama of the DR. Using layers in Photoshop, cells were marked and counted unilaterally. For analysis of GAD67-immunoreactive fiber density in the vmDR, a 310.5 ϫ 310.5 m (500 ϫ 500 pixels) section centered over the midline and aligned to the upper edge of the vmDR (bregma Ϫ4.48) was cropped from the panoramas. Using ImageJ, the relative area covered by immunoreactivity was determined using gray-level thresholding. Threshold was defined as the mean gray level plus two times the SD of images from P4 mice. These values were obtained by averaging individual mean and SD from image histograms and adequately identified immunoreactivity versus background.
Statistics
Electrophysiological data were collected using Clampex (Molecular Devices) and analyzed using Clampfit (Molecular Devices) or Minianalysis (Synaptosoft). Statistical tests were performed using STATISTICA (StatSoft). Two-factor ANOVAs using age (P4, P12, P21, or adult) and subfield (vmDR, lwDR, or MR) as factors were used to analyze most of the data, with a few exceptions noted below. Changes in current and resting membrane potential (RMP) following barium treatment were analyzed with independent t tests comparing P4 to P60. Excitability plots were analyzed separately for each subfield with two-factor repeated-measures ANOVAs using age as the between-groups factor and injected current as the repeated measure. The effect of GTP␥S versus 5-CT was analyzed with a two-factor ANOVA using age and treatment as factors. Scholl analysis data were analyzed separately for each subfield with two-factor repeated-measures ANOVAs using age as the between-groups factor and distance from center as the repeated measure. For GAD67 immunohistochemistry cell number analysis, data were analyzed using a repeatedmeasures ANOVA with age as the between-groups variable and region (rostral, middle, and caudal) as the repeated measure. GAD67 fiber immunoreactivity in the vmDR was analyzed using a t test. Where appropriate, post hoc analyses were conducted using the Student-NewmanKeuls method. A probability level of p Ͻ 0.05 was considered significant in all analyses.
Results
Intrinsic 5-HT membrane characteristics
The use of Pet-1::YFP mice facilitated the identification of 5-HT neurons before patching using DIC and fluorescent microscopy (Fig. 1A) . Active and passive membrane characteristics data were derived from 366 recorded cells from the vmDR (n ϭ 37, 48, 32, 44), lwDR (21, 35, 29, 19), and MR (31, 37, 24, 9 ) of mice at ages P4, P12, P21, and P60, respectively. Membrane characteristics of DR and MR 5-HT neurons, especially in the vmDR and lwDR, had an immature phenotype at P4, but developed mature adult-like characteristics by P21. Representative raw data traces of the membrane potential response to current injection recorded in a P4 and P60 neuron are shown in Figure 1B . Resting membrane potential was significantly depolarized in 5-HT neurons in the vmDR and lwDR at P4 compared with P12, P21, and P60 (Fig. 1C) . In contrast, the RMP did not change across age in 5-HT neurons of the MR (age ϫ subfield: F (6,354) ϭ 3.44, p ϭ 0.003). As can be seen in the traces, membrane resistance was significantly greater at P4 than at P12, P21, or P60 neurons in all subfields ( Fig. 1D ; age: F (3,354) ϭ 93.34, p Ͻ 0.001). Collapsed across age, the vmDR had a lower resistance than the lwDR and MR (subfield: F (2,354) ϭ 12.62, p Ͻ 0.001). The hyperpolarization of the RMP coupled with the decrease in resistance (i.e., increase in conductance) in the vmDR and lwDR implicates the activation of ion channels during this postnatal period of development.
Possible mechanism for decrease in RMP Potassium leak currents mediated through two-pore domain channels (K 2P ) are thought to modulate resting membrane potential (Talley et al., 2003) . In the DR, TREK-1, Task-1, and Task-3 K 2P channels have been found in 5-HT neurons, and in TREK-1 knock-out mice the firing rate of raphe neurons is increased (Washburn et al., 2002; Heurteaux et al., 2006) . To determine whether a potassium leak current might be involved in the developmental change in RMP, potassium channels were blocked with Ba 2ϩ while recording from P4 (n ϭ 8) or P60 (n ϭ 10) vmDR 5-HT neurons. P60 neurons responded to Ba 2ϩ with a larger inward current than neurons at P4 (Fig. 1 E, F ; t ϭ 2.53, p ϭ 0.02). In addition, there was a larger depolarization of the RMP in response to Ba 2ϩ administration in P60 neurons compared with P4 neurons ( Fig. 1F ; t ϭ 2.18, p ϭ 0.04). Together, these data suggested the presence of a potassium current that is present in the adult neurons in the basal state.
Action potential characteristics
One of the primary characteristics of 5-HT neurons is the shape of the AP, known to have a long duration and large afterhyperpolarization (AHP; Vandermaelen and Aghajanian, 1983) . During development, there were major changes in the shape of the AP, as represented by the raw data traces from lwDR and vmDR neurons shown in Figure 2A . These traces illustrate the hyperpolarization of the threshold, shortening of the AP duration, and increase in AP amplitude (inset matches threshold to show the change in duration and amplitude more clearly). The AP threshold became more hyperpolarized with age across all subfields ( Fig. 2B ; age: F (3,342) ϭ 9.281, p Ͻ 0.001). The AP duration decreased across ages from 4 ms to the characteristic adult duration of 2 ms in all subfields ( Fig. 2C ; age ϫ subfield: F (6,341) ϭ 3.81, p ϭ 0.001) with the largest change in the vmDR. AP amplitude did not change in the MR, but increased transiently in the vmDR at P12. The amplitude increase was most obvious in the lwDR ( Fig. 2D ; age ϫ subfield: F (6,342) ϭ 5.142, p Ͻ 0.001), but was only statistically different from other subfields at P60. The AHP amplitude was larger in the lwDR than the vmDR or MR, and significantly increased in amplitude across age in all subfields ( Fig. 2E ; age: F (3,341) ϭ 6.281, p ϭ 0.002; subfield: F (2,341) ϭ 2.786, p ϭ 0.041). The time course of the AHP only changed in the lwDR where the 50% recovery time (i.e., the duration of the AHP) increased with age ( Fig. 2F ; age ϫ subfield: F (6,328) ϭ 2.194, p ϭ 0.043).
Frequency-intensity plots and activation gap
The excitability of the P4 neurons in the lwDR and vmDR subfields was greater than at other ages. Analysis of the number of APs elicited by depolarizing current injection indicated that 5-HT neurons in the vmDR ( Fig. 3A ; age ϫ current: F (21,1036) ϭ 10, p Ͻ 0.001) and lwDR ( Fig. 3B ; age ϫ current: F (21,616) ϭ 5.9, p Ͻ 0.001), but not the MR (Fig. 3C) , were more sensitive to current injection (i.e., increased firing rate) at P4 than at other ages. These results mirror those of membrane resistance and RMP.
All of these changes in the active membrane properties of the 5-HT neurons are probably attributable to the development of sodium, potassium, and calcium channels that underlie the AP D, Summary graph of data from neurons recorded with GTP␥S, which constitutively activates G-proteins. At P4, there was no response to GTP␥S, but at P21 there was an adult-like response (#age: F (2,67) ϭ 27.00, p Ͻ 0.001; #P4 Ͻ P21 ϭ P60). Dot plots are provided to illustrate the absence of response to 5-CT of some cells at P21. All cells tested responded to GTP␥S at P21. The interaction between age and treatment just missed significance (age ϫ treatment: F (2,67) ϭ 3.09, p ϭ 0.052), but there was a main effect of treatment (F (1,67) ϭ 6.00, p ϭ 0.021; GTP␥SϾ5-CT).
and AHP shapes. As with the changes in the passive membrane properties, the greatest alterations were seen in the lwDR and vmDR subfields.
Activation of 5-HT 1A autoreceptor
Another primary characteristic of 5-HT neurons is the 5-HT 1A autoreceptormediated response that was surprisingly absent in cells recorded from young pups. Normally, in adult P60 5-HT neurons, addition of the nonselective 5-HT 1,7 agonist 5-CT activates the G-protein-coupled 5-HT 1A autoreceptor eliciting an outward current via a G-protein-coupled inwardly rectifying potassium channel (GIRK), as depicted in the raw data trace in the bottom of Figure 4A (Andrade et al., 1986; Andrade and Nicoll, 1987; Marinelli et al., 2004) . At P4, 5-CT did not induce an outward current in any subfield (Fig. 4A, top trace) . At P12 and P21 in the vmDR and lwDR, there appeared to be a small increase in response to 5-CT, but only at P60 was the magnitude of the response significantly greater than at P4 ( Fig. 4B ; age ϫ subfield: F (6,125) ϭ 4.99, p Ͻ 0.001). There was no increase in the response to 5-CT across age in the MR.
It is possible that 5-HT neurons were less sensitive to 5-CT and required a higher concentration to elicit a response. Therefore, we examined the effects of higher concentrations of 5-CT on P4 vmDR 5-HT neurons (N ϭ 2). The cells recorded showed no or minimal response to 100 nM 5-CT (Ϫ1.1 and 6.2 pA current change from baseline). This was consistent with our larger dataset. Increasing the concentration to 500 nM or 1 M did not induce a response. Compared with baseline current levels, the magnitude of the responses was Ϫ7.2/Ϫ7.8 pA and 2.3/Ϫ0.2 pA, respectively at 500 nM/1 M concentrations. These data suggested that the lack of response was not due merely to inadequate concentration.
A more likely explanation is that the lack of or muted response to 5-HT 1A receptor activation in the neurons recorded from P4 to P21 pups was due to the absence of the effector system (i.e., G-protein and/or GIRK). To test this, we recorded from vmDR neurons with electrolyte-containing GTP␥S, the nonhydrolyzable analog of GTP, to constitutively activate G-proteins. If both G i/o and GIRK proteins were present, this should elicit an outward current. Strong outward currents were observed in all vmDR neurons recorded at P21 or P60, but not at P4 (Fig. 4C,D) . When GTP␥S data were compared with 5-CT data, we found that GTP␥S induced an adult-like response at P21 and P60, but not at P4 ( Fig. 4C ; age: F (2,67) ϭ 27.00, p Ͻ 0.001). This indicated that the effector system, G-protein, and/or GIRK, were not present at P4, but were present and could be activated at P21. There was also an effect of treatment with GTP␥S inducing an overall larger response than 5-CT (treatment: F (1,67) ϭ 6.00, p ϭ 0.021. This appeared to be driven primarily by the P21 time point, although the interaction just missed significance (age ϫ treatment: F (2,67) ϭ 3.09, p ϭ 0.052). The marginally lower 5-CT response at P21 is due to the fact that some of the cells did not respond at P21 (Fig. 4A) . It is possible that these cells are not yet expressing the 5-HT 1A receptor or that the effector system, which appears to be present and functional at P21, is not coupled to the receptor. At P60, the magnitudes of the responses elicited by receptor activation using 5-CT and by GTP␥S were comparable, suggesting that the receptor-effector coupling was intact. These data are novel and provide essential information that the effector system is unavailable and cannot be activated at P4. In addition, even though the effector system was available at P21, 5 of 17 5-HT neurons (i.e., 30%) did not exhibit a 5-HT 1A -mediated outward current. This receptor-effector system clearly was developing within the first 2 weeks of life, providing a target for interference by environmental factors.
Excitatory and inhibitory innervation
Glutamatergic EPSC activity was measured in the presence of bicuculline to block any inhibitory GABAergic IPSC activity that might be present. Traces recorded from vmDR showing EPSC activity at the different ages are shown in Figure 5A . At P4, all 5-HT neurons recorded had minimal functional glutamatergic innervation as measured by baseline EPSC activity (Fig. 5A) . The frequency of EPSCs increased across age in the vmDR and lwDR, but the small increase in the MR was not significant ( Fig. 5B ; age ϫ subfield: F (6,116) ϭ 2.678, p ϭ 0.0180). Generally, the change in frequency was not accompanied by major changes in the amplitude or kinetics of the EPSCs, although some minor differences were noted (summarized in Table 1 ). An increase in EPSC amplitude and charge (area of the averaged EPSC) over age was observed only in the lwDR (age ϫ subfield: amplitude, F (6,116) ϭ 2.70, p ϭ 0.017; charge, F (6,116) ϭ 2.74, p ϭ 0.016). As expected from the data shown above, phasic current (frequency ϫ charge) also differed between ages and subfields, and reflected the significant , and P60 mice. The scale is the same for all traces. B, EPSC frequency increased across age in the vmDR and lwDR, but not the MR (age ϫ subfield: F (6,116) ϭ 2.678, p ϭ 0.018; *vmDR ϭ lwDR Ͼ MR at indicated age). C, Representative voltage-clamp traces of GABAergic IPSC activity in vmDR 5-HT neurons from P4, P12, P21, and P60 mice. The scale is the same for all traces. D, IPSC activity was present in only 39% of cells recorded at P4 (all subfields combined), but IPSC frequency increased with age (#age: F (3,117) ϭ 9.679, p Ͻ 0.001). There were no statistically significant subfield differences.
increases in EPSC frequency seen in the vmDR and lwDR, but not in the MR (age ϫ subfield: F (6,116) ϭ 3.53, p ϭ 0.003).
In contrast, GABAergic IPSC activity presented a different picture (Fig. 5C) . Surprisingly, there was almost no IPSC activity at P4 in any subfield within the raphe; only 39% of cells had measurable IPSCs at P4, and most of these had a frequency Ͻ0.3 Hz. The percentage of cells with measurable IPSC activity increased to 77% at P12, 92% at p21, and 100% at P60, and the overall frequency of IPSCs increased with age as well ( Fig. 5D ; age: F (3,117) ϭ 9.679, p Ͻ 0.001). However, even though there was measurable IPSC activity at P12 and P21, the frequency of the events was low compared with the IPSC activity measured in the adult mice (age: F (3,117) ϭ 9.679, p Ͻ 0.001). Although there appeared to be a subfield difference, the statistical interaction was only approaching significance (age ϫ subfield: F (6,117) ϭ 1.911, p ϭ 0.085). Because of the low number of P4 cells with IPSCs, only data from P12, P21, and P60 animals were used to analyze IPSC characteristics (summarized in Table 2 ). The mean rise time (age: F (2,87) ϭ 7.655, p ϭ 0.001) and first decay exponential (age: F (4,87) ϭ 12.71, p Ͻ 0.001) decreased between P12 and P60. In concert with these changes, the average charge per peak was higher at P12 than at P21 or P60 (age: F (2,87) ϭ 5.341, p ϭ 0.006), but the overall phasic current did not change.
Because of the extremely low IPSC activity in P4 neurons, we hypothesized that GABA neurons or GABA innervation might not yet be present in the DR at P4 to form local circuit connections. Immunohistochemistry for the GABA neuron marker GAD67 was used to examine the GABA system of P4 and P60 mice. In a qualitative comparison, several key differences were noted. Both P4 and adult animals had a cluster of GAD67 immunoreactivity (IR) neurons close to the midline in rostral coronal sections (Fig. 6A) , but P4 subjects appeared to have fewer Not all cells had measureable IPSC activity. Frequency data was analyzed using all cells recorded (n 1 ). All other characteristics were analyzed only for cells with IPSC activity (n 2 ), although P4 was excluded from statistical analysis due to low n 2 .
a Age: GAD67-IR neurons in more lateral and caudal regions of the adult DR. A quantitative analysis comparing rostral (bregma Ϫ4.24), middle (bregma Ϫ4.48), and caudal (bregma Ϫ4.72) sections of the DR in P4 and P60 mice (n ϭ 6 per age) revealed that adults had more GAD67 ϩ neurons than P4 pups in caudal sections of the DR, but groups did not differ in the rostral or middle DR (P4: 30.8 Ϯ 4.5, 19.1 Ϯ 2.3, and 9.7 Ϯ 1.5; P60: 31.5 Ϯ 2.2, 28.2 Ϯ 4.6, and 33.3 Ϯ 5.6 for rostral, middle, and caudal sections, respectively; age ϫ region: F (2,30) ϭ 4.57, p ϭ 0.018). In adults, a distinct fiber plexus was observed at the midline within the vmDR in rostral and middle sections (Fig. 6 A, B) . Gray level thresholding of fibers in the vmDR between P4 and P60 animals indicated a higher density of immunoreactive puncta in adult animals (22.7% of the area covered in adults; and 6.1% of the area covered in P4 pups; n ϭ 6 per age, t ϭ Ϫ3.04, p ϭ 0.012). In more lateral and caudal regions of the adult raphe, there were very dense terminal fields (Fig. 6C) . These apparent terminal fields were present in P4 animals, but appeared less densely stained (Fig. 6C ). There were clear differences in GAD67-IR innervation and in the extent of GAD67-IR cell body distribution in the dorsal raphe of P4 and P60 mice, indicating that the GABA system of the dorsal raphe was not fully developed at P4 (Fig.  6A) . One intriguing feature of the GAD67-IR from the P4 brains, but not adult brains, was the collection of fibrous clusters located throughout the region that were later occupied by dense clusters of cells and terminals within and just dorsal to the tracts of the medial lateral fasciculus (Fig. 6A) . These fiber clusters are most likely developing fiber tracts and could indicate developmental changes in the distribution of GAD67 within cellular processes. These results, to the best of our knowledge, are the first report of the surprising lack of GABAergic innervation and synaptic activity during development in the raphe.
5-HT 1B responses
Another 5-HT receptor present in the raphe is the 5-HT 1B receptor located presynaptically, where it regulates glutamate and GABA release (Lemos et al., 2006) . We compared the frequency of EPSCs and IPSCs before and after the administration of 5-CT to determine the influence of the 5-HT 1B receptor across development (Table 3) . In response to 5-HT 1B receptor activation, the EPSC frequency decreased following 5-CT administration in all subfields, but not at all ages. At P4, there was no decrease in EPSC frequency in any of the subfields. In the vmDR, EPSC frequency decreased following 5-CT at P12 and P21 (age ϫ treatment: F (3,38) ϭ 19.7, p ϭ 0.017), but the difference just missed significance in adulthood ( p ϭ 0.055). In response to 5-CT, EPSC frequency decreased at p12, p21, and p60 in the lwDR (age ϫ treatment: F (3,38) ϭ 8.8, p Ͻ 0.001). In the MR, there was an overall decrease in EPSCs in response to 5-CT, but there was no significant interaction with age (treatment: F (1,41) ϭ 20.05, p Ͻ 0.001).
The development of the 5-HT 1B -mediated decrease in IPSC frequency was not quite as robust. There was an overall significant decrease in IPSCs in the vmDR (F (1,39) ϭ 5.171, p ϭ 0.029) and lwDR (F (1,42) ϭ 13.84, p ϭ 0.001) in response to 5-CT, but there was no effect of treatment in the MR. . GAD67-IR throughout the DR was limited at P4 in contrast to adults. A, GAD67-IR in the rostral vmDR is shown for a P4 and P60 male mouse (top panels). Animals at both ages have a small cluster of neurons adjacent to 5-HT cells near the midline (large arrows) and more scattered neurons laterally. The circle highlights unique staining patterns in the P4 that do not resemble cells or terminals but may indicate a developing fiber tract. Higher-magnification images are provided in the bottom panel (i-iv) to better illustrate GAD67-IR cells. Each image in the bottom panel corresponds to a yellow box in the top panel (corresponding roman numerals). Small arrows are used to indicate the same cell in both images for orienting purposes. Scale bars: top panels, 100 m; bottom panels, 25 m. B, A magnification of the vmDR from a P4 and P60 mouse are shown to illustrate the differences in GAD67-IR puncta. Left panels show GAD67 staining alone, and right panels show GAD67 (red) merged with YFP (green). P4 mice lacked the punctate staining seen throughout the vmDR of the adult. Scale bar, 50 m. C, GAD67-IR in the caudal lateral DR is shown for P4 and P60 mice. P4 animals lack the dense punctate staining seen in the adults. Scale bar, 100 m. mlf, Medial longitudinal fasciculus.
Morphological changes in developing raphe 5-HT neurons
Biocytin included in the recording electrolyte efficiently fills recorded cells and is easily visualized using fluorescent-labeled streptavidin allowing for a detailed morphological analysis of the cell bodies and dendrites of recorded neurons from confocal xyz image stacks. Data presented here derive from a total of 127 filled and traced neurons in the vmDR (P4 ϭ 9, P12 ϭ 12, P21 ϭ 9, P60 ϭ 19), lwDR (P4 ϭ 6, P12 ϭ 9, P21 ϭ 12, P60 ϭ 12), and MR (P4 ϭ 7, P12 ϭ 10, P21 ϭ 13, P60 ϭ 9). Generally, at P4 neurons within the DR had a circular appearance with highly branched dendrites that did not extend far from the soma (Fig. 7A) . Interestingly, the number of primary branches was different between subfields, with vmDR having more than the lwDR and MR (Fig. 7B, subfield F (2, 115) ϭ 9.109, p Ͻ 0.001). There was a trend toward higher numbers of primary branches at P4 and P12 compared with P21 and P60 (age: F (3,115) ϭ 2.52, p ϭ 0.06). The primary branches became less branched with age, as illustrated by the decrease in the number of nodes or branch points ( Fig. 7C ; age: F (3,115) ϭ 11.49, p Ͻ 0.001). However, even though the number of nodes decreased with age, the vmDR and lwDR 5-HT neurons had more nodes at all ages, indicating increased branching of dendrites, than MR neurons ( Fig. 7C ; subfield: F (2,115) ϭ 13.46, p Ͻ 0.001). Concomitant with the change in nodes in the vmDR and lwDR was a change in total dendritic length; neurons increased their total dendritic length between P4 and P21, and then decreased in length between P21 and P60 ( Fig. 7D ; age ϫ subfield: F (6,115) ϭ 2.59, p ϭ 0.02). The MR neurons do not appear to undergo the dendritic outgrowth seen in the vmDR and lwDR. Overall, these morphological results indicate that vmDR and lwDR neurons demonstrated a growth and extension of dendrites between P4 and P21 after which significant pruning occurred. A representative plot of the Scholl analysis of the dendritic arbors of vmDR neurons is shown in Figure 7E and echoes the above results, demonstrating the expansion of dendritic length at distances further from the soma at P12 and P21 with a reduction by P60 ( Fig. 7E ; age ϫ distance from center: F (117,1833) ϭ 3.59, p Ͻ 0.001). Similar results were seen in the lwDR (age ϫ distance from center: F (117,1287) ϭ 2.57, p Ͻ 0.001) and MR (age ϫ distance from center: F (117,1092) ϭ 1.82, p Ͻ 0.001), although in the MR P4 was more similar to P12 and P21 (data not shown).
5-HT and vGlut3 immunohistochemistry
Another primary question asked was whether or not the Pet-1::YFP-labeled neurons actually produced 5-HT at P4 as they do prenatally and in adulthood (Scott et al., 2005; Hawthorne et al., 2010) . Immunohistochemistry demonstrated that most YFP ϩ cells also contained 5-HT at P4 (Fig. 8A ). Quantitative analysis indicated that 82.6 Ϯ 1.1% of YFP ϩ cells also expressed 5-HT in the vmDR and 87.6 Ϯ 3.1% in the lwDR (mean Ϯ SEM; n ϭ 4). In addition, previous studies have shown that in adulthood 5-HT colocalizes with the vesicular glutamate transporter vGlut3, especially in cells near the midline (Shutoh et al., 2008; Commons, 2009; Amilhon et al., 2010; Calizo et al., 2011) . Importantly, this suggests the presence of releasable glutamate in 5-HT neurons. In this study, the examination of vGlut3 immunohistochemistry suggested that many, but not all, YFP ϩ neurons also contain vGlut3 early in development (Fig. 8B) . Conversely, populations of vGlut3-immunoreactive neurons that do not contain 5-HT, as indicated by vGlut3 expression alone, appear to exist as well. Colocalization analysis of vGlut3 with YFP in the brains of P4 pups indicated that 57.8 Ϯ 0.8% (mean Ϯ SEM; n ϭ 3) of YFP ϩ neurons in the vmDR also contained vGlut3 immunoreactivity. In contrast, only 7.5 Ϯ 1.1% of YFP ϩ cells in the lwDR also contained vGlut3.
Discussion
The development of 5-HT neurons begins early in rats and mice with neurons undergoing their final division as early as E10, synthesizing 5-HT by E12-E14, and migrating into cell clusters resembling the adult raphe by birth (Altman and Bayer, 1981; Hawthorne et al., 2010) . Even though the perinatal raphe resembles the adult raphe, we provide evidence that the physiological and morphological development of 5-HT neurons were immature shortly after birth, and cells developed mature characteristics in the second to third weeks following birth. Specifically, P4 5-HT neurons, especially in the vmDR and lwDR subfields, displayed an immature phenotype marked by high excitability and low inhibition. This increased excitability was due to a depolarized RMP, increased membrane resistance, enhanced frequency of firing, no 5-HT 1A autoreceptor-mediated response, lack of GABAergic synaptic input, smaller GABA neuron number and innervation, and immature morphology. In contrast, MR neurons remained relatively unchanged during development. The late postnatal development of the DR could make it particularly susceptible to environmental perturbations, resulting in 5-HT system dysregulation and pathology.
P4 serotonin neurons had hyperexcitable membrane characteristics
One of the hallmarks of the P4 5-HT neuron physiology was the high RMP, indicating an increased conductance. Coincident with the change in resistance from P4 to P12 in the vmDR and lwDR was a hyperpolarization of the RMP. A possible explanation for these changes is a change in K ϩ conductance. K 2P channels set the RMP in some neurons (Lesage and Lazdunski, 2000; Talley et al., 2003; Honoré, 2007; Enyedi and Czirjak, 2010) . In adult 5-HT neurons, barium eliminates K ϩ leak currents and depolarizes RMP (Päsler et al., 2007; . In our study, the change in current and RMP in response to barium were larger at P60 than at P4. K 2P subunit expression differs across development in the cerebellum and dorsal root ganglion (Aller and Wisden, 2008; Kim et al., 2012) and could also be the case in the DR as K 2P channels are found in the adult DR (Washburn et al., 2002; Heurteaux et al., 2006) . The developmental profile of K ϩ leak channels in the DR is a promising avenue for future studies.
A likely result of a depolarized RMP and large membrane resistance is increased excitability. 5-HT neurons in the vmDR and lwDR at P4 fired more action potentials following depolarizing current injections than did neurons at later ages. The functional consequence of increased excitability is likely increased 5-HT release in forebrain target sites, which would be intensified at P4 by the depolarized threshold and increased duration of the action potential. Because vGlut3 colocalized with vmDR 5-HT neurons, increased glutamate release may accompany increased 5-HT release. Importantly, vGlut3 has been shown to colocalize with 5-HT fibers and terminals in several brain regions implicated in anxiety (Commons, 2009; Amilhon et al., 2010).
Higher 5-HT and glutamate output during the first few weeks of life could alter the organization of forebrain neural circuits (Spitzer, 2006) . In the cortex and hippocampus, before the second week of life, GABA works in concert with glutamate to enhance developmental processes (Ben-Ari et al., 1997; Ben-Ari, 2002; Leinekugel, 2003; Bortone and Polleux, 2009) . Serotonin could modulate these effects since it is excitatory during this period through activation of 5-HT 7 and 5-HT 2 receptors (Béïque et al., 2004; . Multiple studies have shown that the lack of 5-HT or 5-HT receptors during development alters neural circuitry development (Vitalis and Parnavelas, 2003; Sodhi and Sanders-Bush, 2004; Ferreira et al., 2010; Lesch and Waider, 2012) . The time course of physiological development of 5-HT neurons and the potential developmental influence of 5-HT on forebrain targets represent points of vulnerability Figure 7 . 5-HT neurons underwent a developmental change in morphology marked by increased outgrowth followed by significant pruning. A, Drawings from representative biocytin-filled vmDR 5-HT neurons from P4, P12, P21, and P60 animals. Scale bar, 100 m. B, Collapsed across age the number of primary branches was higher in the vmDR than the lwDR and MR (*subfield: F (2,115) ϭ 9.109, p Ͻ 0.001). There was a trend toward decreased primary branches across age (age: F (3,115) ϭ 2.52, p ϭ 0.06). C, The number of nodes or branch points decreased with age in all subfields (age: F (3,115) ϭ 11.49, p Ͻ 0.001; #P4 ϭ P12 Ͼ P21 ϭ P60), but MR cells were less branched than either vmDR or lwDR cells (*subfield: F (2,115) ϭ 13.46, p Ͻ 0.001). D, In vmDR and lwDR neurons, total dendritic length increased from P4 to P12 and P21, and then decreased significantly by P60 (age ϫ subfield: F (6,115) ϭ 2.59, p ϭ 0.02; *vmDR ϭ lwDR Ͼ MR at indicated ages; #P21 Ͼ P4 and P60 in vmDR and lwDR). This tendency is evident in the tracings in A. Dendritic length did not change in the MR. E, Scholl analysis of dendritic length from the center of the soma for vmDR cells shows the greater amount of length at points further from the cell in P21 animals (as illustrated in Fig. 6A ) and, with the curve shifted to the left, the pruning or decrease in length that occurred by adulthood (age ϫ distance from center: F (117,1833) ϭ 3.59, p Ͻ 0.001).
receptor-mediated response in MR 5-HT neurons . In mice, MR 5-HT neurons displayed a minimal response to 5-CT at all ages. The lack of 5-HT 1A receptor auto-inhibition would likely increase the excitability of MR neurons, whereas DR neurons would inhibit their own firing. Although both DR and MR neurons express the transcription factor Pet-1 (Scott et al., 2005) , which is required for TPH and 5-HT 1A receptor expression in serotonin neurons, potential differences could arise from differential expression of other gene regulatory elements. Some differences between the MR and the DR may arise from differences in embryonic origin as the MR and DR mostly derive from different rhombomeres (Jensen et al., 2008; Alonso et al., 2013) .
Differences between the lwDR and vmDR subfields were less substantial in terms of the developmental trajectory. The primary differences emerged when the neurons were recorded from adult mice; that is, larger membrane resistance, larger amplitude and duration APs and larger AHP amplitude in lwDR neurons. Similar findings from our laboratory have been previously reported (Crawford et al., 2010) . We also previously reported that lwDR neurons had higher EPSC frequencies than vmDR neurons; that difference was also seen in this study, but as a trend (Crawford et al., 2011) . The data presented here and in our previous studies indicate that the difference in neural characteristics between the MR and DR are more robust than between the vmDR and lwDR, particularly during development.
Conclusions
Our data indicate that a dynamic shift in neuronal excitability marked by decreased membrane excitability, increased 5-HT 1A auto-receptor inhibitory activity, and increased IPSC activity took place in the second and third weeks of life in 5-HT neurons of the DR, but less so in the MR. Altered excitability likely means altered patterns of serotonin release that would impact maturation in other brain regions where 5-HT is released and 5-HT receptors are expressed developmentally, such as the cortex and hippocampus. Finally, the numerous physiological and morphological changes we identified in 5-HT neurons may be points of vulnerability to outside stressors.
